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The first structure of pectate lyase belonging to

polysaccharide lyase family 3

The crystal structure of a highly alkaline low molecular weight
pectate lyase (Pel-15) was determined at 1.5 A resolution by
the multiple isomorphous replacement (MIR) method. This is
the first pectate lyase structure from polysaccharide lyase
family 3. The overall structure is a simple eight-turn right-
handed parallel B-helix domain with one long loop protruding
from one side of the B-helix. The low molecular weight of
Pel-15 derives from the lack of N- and C-terminal extensions
that are found in many pB-helix proteins. Although the
structure has one calcium ion at pH 6.7, raising the pH to
9.5 results in the binding of an additional calcium ion. The
common calcium ion found in both the pH 6.5 and 9.5
structures seems to stabilize both the B-helix structure and the
long protruding loop. The additional calcium ion found in the
pH 9.5 structure alone may neutralize the acidic substrate. The
region around the additional calcium ion is thought to bind to
the substrate, as this region is rich in charged amino-acid
residues which are required in catalysis.

1. Introduction

Pectate lyases (Pel; E.C. 4.2.2.2) catalyze the degradation of
the pectate component of the middle lamellae and cell walls of
higher plants. The enzymes are secreted by bacteria and fungal
pathogens and cause soft-rot diseases in higher plant cells.
Generally, Pels degrade polygalacturonic acid (PGA) through
a B-elimination mechanism with the assistance of Ca* ions at
pHs between 8 and 10.

Bacillus sp. strain KSM-P15 produces a low molecular-
weight highly alkaline Pel (Pel-15) in an alkaline culture. The
molecular weight of Pel-15 is 20 924 Da with 197 amino-acid
residues (Kobayashi ez al., 1999) and the enzyme was classified
into polysaccharide lyase family 3 (Coutinho & Henrissat,
2000). Pel-15 has the highest optimal pH (10.5) of the Pels that
have been reported thus far. In the enzymes belonging to
polysaccharide lyase family 3, a highly conserved region exists
in the region between residues 36 and 132 in Pel-15 nomen-
clature (Hatada et al., 2000). The sequence identity of the
conserved region of Pel-15 is in the range 40.5-79.4% when
compared with those of PelA, PelB, PelC and PelD from
Fusarium solani {. sp. pisi (Gonzélez-Candelas & Kolattukudy,
1992; Guo et al., 1995a,b, 1996), PelB from Erwinia carotovora
ssp. carotovora (Heikinheimo et al., 1995), Pell from E. chry-
santhemi (Shevchik et al., 1997) and PelA from Bacillus strain
BP-23 (Soliano et al, 2000). In contrast, when Pel-15 is
compared with structurally known Pels from polysaccharide
lyase family 1 (Coutinho & Henrissat, 2000; Henrissat et al.,
1995), such as E. chrysanthemi pectate lyase C (Ech-PelC;
Yoder, Keen et al, 1993; Yoder, Lietzke et al, 1993),
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E. chrysanthemi pectate lyase E (Ech-PelE; Yoder, Lietzke et
al., 1993; Lietzke et al., 1996) and Bacillus subtilis pectate lyase
(BsPel; Pickersgill et al., 1994), the sequence identity is 20.4%
at most.

One of the major goals of the structural study of Pel-15 is to
discover whether there is structural homology between the
enzymes in polysaccharide lyase families 1 and 3. The crystal
structures of several Pels in polysaccharide lyase family 1 have
been reported thus far. They have a unique structural domain,
designated a B-helix (Yoder, Keen et al., 1993). The B-helix
structure is found not only in pectate lyases but also in other
polysaccharide-binding enzymes/proteins such as Salmonella
typhymurium phage P22 tailspike protein (Steinbacher et al.,
1994), E. carotovora sp. carotovora polygalacturonase (Pick-
ersgill et al., 1998), Aspergillus niger endopolygalacturonase 11
(Santen et al, 1999), A. aculeatus rhamnogalacturonase A
(Peterson et al., 1997), Flavobacterium heparium chon-
droitinase B (Huang et al, 1999) and Bordetella pertussis
pertactin (Emsley et al, 1996). Differences in the B-helix
structures arise from the lengths of the long loops that connect
the B-sheets composing the B-helix structure. These L- or
V-shaped right-handed g-helix proteins have characteristically
large molecular weights (over 350 residues). Therefore, it is
interesting to find that the Pel-15 molecule, with fewer than
200 residues, has a folded B-helix structure.

This paper is primarily concerned with the crystal structure
of Pel-15, which belongs to a new class of polysaccharide
lyases, family 3. The derived structure is compared with
another structurally known Pel, Ech-PelC, with respect to the
role of calcium ions and the geometry of the catalytic residues.
Moreover, the overall structure of Pel-15 is compared with
those of other structurally known B-helix enzymes/proteins.

2. Materials and methods

2.1. Determination of pH 6.5 crystal structures

2.1.1. Isolation, purification and crystallization. The
isolation and purification of Pel-15 was performed as
described previously (Kobayashi et al., 1999). Crystallization
conditions and preliminary crystallographic studies of Pel-15
have been published previously (Akita et al., 2000). Pel-15 has
two crystal forms, form I and form II, although they are
crystallized under the same conditions: 28%(w/v) poly-
ethylene glycol 8000 in MES buffer pH 6.7. Both of them
belong to the orthorhombic space group P2,2,2,. The unit-cell
parameters of form I are a = 432(2), b = 602 (2),
¢ =822 (2) A; those of form II are a = 42.9 (1), b = 43.4 (1),
¢ =1059 (3) A.

2.1.2. Data collection and processing. The form I crystal
was used to determine the crystal structure by the MIR
method. Heavy-atom derivatives were prepared by soaking
the crystals in 1.5 mM K;IrClg and 10.0 mM K,PtCl, for 25 and
5 h, respectively. X-ray data were collected from the native
and derivatives of form I crystals at 100 K using a Rigaku
R-AXIS IV detector system on a Rigaku RU-300 rotating-
anode generator with double focusing-mirror monochromated
Cu Ko radiation. Data to 1.5 A resolution were collected
using synchrotron radiation at beamline BL-6A in the Photon
Factory. X-ray diffraction data from form II crystals were also
collected at 100 K. All of the collected data sets were
processed using DENZO and SCALEPACK (Otwinowski,
1993). Data-collection statistics are given in Table 1.

2.1.3. Structure determination and refinement. The struc-
ture of the Pel-15 form I crystal was determined by the
following method. The data sets of two derivatives were each
scaled against the native data set and
the sites of heavy atoms were deter-
mined with RSPS (Knight, 2000). The
phases of the protein were refined

Table 1
Data-collection and refinement statistics.
Data set Native 1 K;IrClg K,PtCl,
Space group P2,2,2, P2,2,2, P2,2:2,
Unit-cell parameters (A)

a 432 43.0 434

b 60.2 60.5 59.9

c 822 82.6 81.0
Resolution range (A) 20.0-2.3 20.0-3.0 20.0-3.5
Unique reflections 10063 4505 2871
Completeness (%) 99.3 94.7 98.2
Ruergel 0.069 0.094 0.127
Phasing poweri 2.42/2.92 1.22/1.43

(centric/acentric)
FOMS§
R factor (Rgee)
R.m.s. deviation from ideal

0.59 for 3001 reflections (15-3.4 A)
0.186 (0.234)

Bond length (A) 0.014

Bond angles (°) 2.7
Average B factors (Az)

Main chain 6.5

Side chain 72

Solvent oxygen 211

Ca” ion (near Asp80) 185
Ca”" ion (near Glu83)

0.167 (0.196) 0.193 (0.275)

0.008

Native 2 pH 9.5 using MLPHARE  (Otwinowski,
P2,2,2, P2,2,2, 1991). The calculated 3.4 A map was
improved with DM (Cowtan, 1994). A
42.9 43.3 model was built of about half of the
43.4 43.6 .
105.9 106.9 structure and molecular-dynamics
20.0-1.5 20.0-2.5 refinement using X-PLOR (Briinger,
30234 7049 1992) was performed. The model was
91.2 93.8 . . .
0.034 0.047 then rebuilt using a phase-combined

map calculated with SIGMAA (Read,
1990). After several cycles of model
refinement and rebuilding, water
molecules were added to the model.
The crystal structure of form II was
determined by the molecular-replace-
183 ment method with AMoRe (Navaza,

0.004
13

188 1994), wusing form I coordinates
20.6 25.0 .
127 18.9 without water molecules. The model

20.3 was refined with X-PLOR and water

-

2t Fopsl-

Runcrge = Yt 2i [L(hKL) — (L (RKD) /3,4 >, 1,(hKD). § Phasing power = Fyy /[k(IFpylops) — ([Fpyleg)l. § Figure of
merit, FOM = |F(hkl)yoy | /|F(hKL)|, where F(hkl)yeq = 3"y P@)Fy()/ >, P(@). Y R factor = 3 |[Fops| = klFogiel|/

molecules were added to the model by
the same procedures as those for form
I. These two crystal forms had
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different molecular packings from each
other and hence the amino-acid side
chains, whose orientations are ambiguous
because of poor electron densities,
differed between the crystal forms. The
undetermined side-chain orientations for
the form I crystal structure were Glu7,
Lys20, Asn39 and Lys185 and those for the
form II crystal structure were ArglO,
Lys20, Glu38, Asn39, Lys41 and Lys185.
Moreover, the N-terminal residue (Alal)
of the form II model was missing. Each
structure had a strong peak in the 2F, — F.
electron-density map near Asp80. The
distances between the peak and liganded
O atoms were in the range 2.45-2.65 A,
which was close to that found in ¢-amylase
from B. subtilis (Fujimoto et al., 1998).
Therefore, this peak was attributed to a
calcium ion. Refinement statistics for both
models are given in Table 1. A Rama-
chandran analysis using PROCHECK
(Laskowski et al., 1993) showed that 86.9% of the residues are
in the most favoured regions, 11.9% are in the additionally
allowed regions, 0.6% are in the generously allowed regions
and 0.6% are in the disallowed regions for form I. For form II,
88.1% of the residues are in the most favoured regions, 10.7%
are in the additionally allowed regions, 1.2% are in the
generously allowed regions and none are in the disallowed
regions. The majority of the discussions in this paper are in
reference to the high-resolution structure of the form II
crystal.

Figure 1
Stereo schematic diagram of the overall structure of Pel-15. Arrows represent S-strands. Parallel
B-sheet 1 (PB1) is grey, PB2 is brownish purple and PB3 is aqua. The large yellow sphere
represents the calcium ion unique to Pel-15. Amino-acid side chains are represented by ball-and-
stick models. This figure and Figs. 3, 4 and 5 were prepared with MOLSCRIPT (Kraulis, 1991)
and Raster3D (Merritt & Bacon, 1997).

2.2. Preparation, data collection and structure determination
of pH 9.5 crystal

The Pel-15 crystal at pH 9.5 was prepared by the following
method. Form II crystals grown in the pH 6.5 crystallization
solution were soaked in Tris buffer pH 8.0 with 28% (w/v)
polyethylene glycol 8000 and 10 mM CaCl, for 1 h. The crys-
tals were then transferred to the final solution [glycine buffer
pH 9.5 with 28% (w/v) polyethylene glycol 8000 and 10 mM
CaCl,]. After the crystals had been soaked for 1 h, they were
frozen using liquid nitrogen. X-ray data collection from the
pH 9.5 crystal was performed at 100 K using a Rigaku R-AXIS
IV detector system on a Rigaku RU-300 rotating-anode
generator. The data sets to 2.5 A resolution were processed
using DENZO and SCALEPACK (Otwinowski, 1993). The
crystal structure was determined by the molecular-
replacement method with AMoRe (Navaza, 1994), using 1.5 A
resolution form II coordinates without water molecules. The
pH 9.5 structure had two strong peaks in the 2F, — F.
electron-density map. One peak was located at the same
position as found in the pH 6.5 structure, but the other was
located at a different position. This peak was attributed to the
second calcium ion for the following reasons. The peak was
located near the acidic residue cluster formed by Asp63,

Turn PB1 T1 PB2 T2 PB3 T3
1 AP TV| VHET ]

1 9 IRV PAGO TFD GKGO TYV ANPNTLGDG

2 44 FRL EAGA SLK NV VI GAPAADG 64

3 65 VHC YGD CTIT NV  IW EDVGEDA 85

4 86 LTL KSSGT VNIS GG ALY KAYDEV 108

5 109 FQI NAAG TINIR NF  RAD| DIGKL

6 131 VR OQNGGTTYKV VMNVE NC NIS RVKDAI

7 158 LR TDSSTS TGRIV NT RYS| NVPTL

8 181 FK GFKSGN TT ASGN TQ Y

Figure 2

Sequence alignment of Pel-15. Boxed residues are parts of pB-sheets.
Underlined residues are highlighted in the text.

Glu83 and Glu84. The soaking solution contained calcium ion.
The B factor of the calcium ion was close to those of the atoms
around the calcium ion. Model refinement was performed as
described in §2.1.3. In the refined state, it is found that the
carboxyl group of the side chain of Glu83, which was one of
the ligands of the second calcium ion, was largely displaced
from its position in the pH 6.5 structure. The refinement
statistics are given in Table 1 (‘pH 9.5’). A Ramachandran
analysis in PROCHECK (Laskowski et al., 1993) showed that
83.3% of the residues are in the most favoured regions, 15.5%
are in the additionally allowed regions, 1.2% are in the
generously allowed regions and none are in the disallowed
regions.

3. Results and discussion
3.1. Overall structure

The overall structure of the Pel-15 molecule is a simple
eight-turn parallel B-helix with no «-helix (Fig. 1). Fig. 2 shows
the amino-acid sequence of Pel-15 divided into helical turns.
The turn numbers in the following description refer to the
nomenclature of Fig. 2. Each turn of the S-helix contains three
B-strands, designated PB1, PB2 and PB3. The numbers of
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residues in PB1, PB2 and PB3 are 2-3, 2-5 and 2-3, respec- forms an L-shape; therefore, a groove is formed between T3
tively. These three B-strands are connected by three turn and PB1 (T3-PB1 groove). The T2 turns of the first and eighth
regions: T1, T2 and T3. Consequently, one helical turn consists helical turns consist of four residues, whereas the other T2
of a PB1-T1-PB2-T2-PB3-T3 motif. The single helical turn turns consist of two residues. The first residue of T2 has an o

Figure 3

Stereoview of the Pel-15 unique calcium-binding site formed by Asp80, Val81, Lys103 and three
water molecules. One calcium-bound water molecule is bound to the O atom of Gly34 on the
first T3. The location of this region is shown in Fig. 1.

(@)

(b)

Figure 4
Stereoviews of crystal packing of (a) form I and (b) form II.

conformation, but this is not so for T2 in
the fourth helical turn consisting of Gly98
and Gly99. In contrast to the regularity of
T2, the lengths of T1 and T3 are variable.
The number of residues in T1 is in the
range 3-9 and that in T3 is in the range 4-
18 (except for the last T3). T3 in the first
helical turn is the longest loop region,
consisting of 18 amino-acid residues with
one calcium ion octahedrally liganded by
six O atoms. The ligands of this calcium ion
are Asp80 O° on T3 in the third helical
turn, two carbonyl O atoms in the main
chain (Val81 O on T3 in the third helical
turn and Lys103 O on T3 in the fourth
helical turn) and three water molecules
(Fig. 3).

Inside the B-helix of Pel-15, a disulfide
bond is found between Cys67 on PB1 and
Cys71 on PB2 in the third helical turn. The
disulfide bond is located inside the B-helix
structure and connects the adjacent
B-strands face to face (Fig. 1).

3.2. Crystal packing

The crystal structure of the form I and
the form II crystals are shown in Fig. 4. The
molecular structures in the two crystal
forms are almost identical. In the form I
crystal, the f-helix axis of one molecule is
vertical or parallel to that of a symmetry-
related molecule. In the form II crystal,
however, the B-helix axis of one molecule
is parallel to that of another molecule.
Moreover, the f-helix axis of each mole-
cule in the form II crystal is also parallel to
the a axis of the unit cell. The adjacent
molecules, which are shown in thick lines in
Fig. 4, have interactions between the
N-terminal helical coil of one molecule and
the C-terminal helical coil of another
molecule. The N- and C-terminal helical
coils of the Pel-15 molecule are hydro-
phobic because these termini are not
covered by any extension loops. Therefore,
the hydrophobic interaction is most
important in the growth of the form II
crystals.

Adding CaCl, or EDTA to the crystal-
lization solution enabled further investi-
gation of these crystal forms. Crystals
grown with 5 mM CaCl, grew in form I. On
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Asp131 Glu166

(b)

Figure 5

has two disulfide bonds, they are not
located in the B-helix domain.

Another feature is the absence of
characteristic amino-acid side-chain
stacks found in Ech-PelC, such as the
asparagine stack (designated an aspar-
agine ladder; Yoder, Keen ef al., 1993),
the serine stack and the ringed-residue
stack. The lack of the asparagine ladder
is an especially important characteristic
of the Pel-15 B-helix. In Ech-PelC, the
asparagine residue of T2 tends to be
present in the second position of T2
(Heffron et al., 1998). These asparagine
residues are oriented inside the S-helix,
resulting in the characteristic aspar-
agine ladder. However, in Pel-15 the
asparagine residue of T2 tends to be
present in the first position of T2
(Fig. 2). The side chains of these
asparagine residues in Pel-15 are
oriented outside the B-helix.

3.3.2. Calcium binding. It is thought
that a calcium ion is essential for the
catalysis of Pels. The main role of the
calcium ion is the neutralization of the
acidic substrate. Four calcium ions
located between the enzyme and the
substrate are reported in the Ech-PelC-
PGA complex structure (Scavetta et al.,
1999). The calcium ions and the
substrate are located in the T3-PB1
groove of Ech-PelC. However, the
calcium ion found in the Pel-15 struc-

Stereoviews of the T3-PB1 groove regions of (a) Pel-15 and (b) Ech-PelC (PDB entry lair). The
location of this region is shown in Fig. 1. Amino-acid side chains are represented by stick models.
The calcium ion and amino-acid side chains in the pH 9.5 structure are represented by a yellow
sphere and red sticks, respectively. The conformations of those amino-acid side chains are changed

ture at pH 6.5 (Figs. 1 and 3) is bound to
a position (near T3 in the first helical
turn) different from that in the Ech-

by attachment of the calcium ion.

the other hand, crystals grown with 10 mM EDTA grew in
form II. Although the crystals were grown with EDTA, the
calcium ion near Asp80 remained. The differences between
these two conditions are the concentrations of the calcium ion
and the chloride ion. Therefore, the reason for the difference
between two crystal forms is that the amount of negative and
positive ions affects the hydrophobic regions of the N- and C-
terminal helical coils, diminishing the hydrophobic interaction.
This results in the growth of the form I crystal.

3.3. Details of Pel-15 in comparison with Ech-PelC

3.3.1. Side-chain features of the f-helix. An unique feature
of Pel-15 is the disulfide bond inside the 8-helix. The disulfide
bond keeps the S-helix structure of Pel-15 rigid. This type of
disulfide bond is not found in Ech-PelC. Although Ech-PelC

PelC-PGA complex. The major role of

the calcium ion of Pel-15 would be in

stabilizing the neighbouring T3s in the
third and fourth helical turns. Moreover, the longest loop of
T3 in the first helical turn is also stabilized indirectly by the
calcium ion via a water-mediated interaction with the main-
chain carbonyl O atom of Gly34 on the same T3 (Fig. 3). This
calcium ion could not be removed by adding 10 mM EDTA to
the crystallization buffer. Therefore, this calcium ion is
structurally essential for Pel-15, which is a unique feature of
Pel-15.

One of the catalytically essential calcium ions found in the
Ech-PelC-PGA complex was found as a second calcium ion in
Pel-15 when the Pel-15 crystal was soaked in glycine buffer pH
9.5 with 10 mM CaCl,. The calcium ion is bound in the T3-PB1
groove. This calcium-binding site comprises three residues:
Asp63, Glu83 and Asp84 (Fig. Sa). If two of them, Asp63 and
Glu83, are individually replaced by other amino acids, Pel-15
loses its pectate-lyase activity almost completely. A similar
cluster of acidic residues is found in the Ech-PelC structure. In
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this cluster, the side chains of Asp129, Asp131 and Glul66 (in
Ech-PelC nomenclature) make a calcium-binding cluster
(Fig. 5b). Indeed, a calcium ion is bound to the cluster in the
Ech-PelC-PGA complex structure (Scavetta et al., 1999).
Therefore, this calcium ion is essential for catalysis of Pel-15
and the T3-PB1 groove may bind the substrate with a
mediating calcium ion.

The reason for the detection of the second calcium ion at
pH 9.5 only is that the pK, of Asp63 is raised by the inter-
action between an N atom of the imidazole group of His66 and
an O atom of the carboxyl group of Asp63 (Fig. 5a).

3.3.3. Active site. Fig. 5 shows several residues that Pel-15
and Ech-PelC have in common in the T3-PB1 groove. The
acidic residue cluster was discussed in the previous section.
This cluster binds the calcium ion, which probably mediates
the interaction between the substrate and the enzyme. For the
B-elimination reaction, a basic residue is thought to play the
key role of abstraction of the C-5 proton from the substrate
(Gerlt et al., 1991; Gerlt & Gassman, 1992, 1993). In Ech-PelC,
the arginine residue (Arg218) is the key residue in the lyase
activity. In addition, the neighbouring lysine (Lys190) residue
would be required to stabilize the reaction intermediate
(Fig. 5b; Scavetta et al., 1999).

In Pel-15, the basic residues related to the catalysis were
examined by site-directed mutagenesis. From the results, three
residues, Lys107, Lys129 and Argl32, were found to be
candidates for the catalytic residues (Hatada et al., 2000). The
comparison of the geometries of these three residues with
those of Ech-PelC gives an insight about the roles of those
residues (Figs. 5a and 5b). Lys107 is located near the acidic
residues cluster comprised of Asp63, Glu83 and Asp84. The
geometry near Lys107 is similar to that of Lys190 of Ech-PelC.
Therefore, Lys107 of Pel-15 would be required to stabilize the
reaction intermediate. There is no residue in Ech-PelC
corresponding to Lys129 of Pel-15. This residue may be
required for interaction with the substrate. Consequently,
Argl32 is attributed to be the key residue which abstracts the
C5 proton from the substrate. However, the orientation of the
guanidine group of the Argl32 side chain of Pel-15 is different
to that of the corresponding residue of Ech-PelC (Figs. 5a and
5b). The guanido group of Argl32 makes a salt bridge with the
carboxyl group of Aspl6l. Moreover, the arginine confor-
mation was not changed even when Pel-15 was soaked in a pH
9.5 solution (where Pel-15 remains active). The basicity of the
guanido group of Argl32 may be increased by the interaction
with the carboxyl group of Aspl61 and the N atom of the
guanido group may abstract the proton from the substrate
efficiently. Therefore, the conformation of the Argl32 side
chain of Pel-15 may not change when Pel-15 interacts with the
substrate through breakage of the salt bridge. Consequently,
the conformation of the substrate in Pel-15 may be different
from that in Ech-PelC.

3.3.4. High alkalinity and low molecular weight. Alkali-
resistant bacteria such as Bacillus sp. produce many alkaline
enzymes. Such alkaline enzymes adapt themselves to alkaline
environments by raising their isoelectric points through
increasing the number of arginine residues (Shirai et al., 1997).

Pel-15 also increases the ratio of arginine residues to total
residues to twice that of Ech-PelC (Yoder, Keen et al., 1993;
Yoder, Lietzke et al., 1993).

The adaptation to alkaline environments may explain the
low molecular weight of Pel-15. In Pel-15, the long loop
protruding from T3 of the first helical turn consists of only 18
residues. Moreover, the N- and C-terminal extensions which
are present in Ech-PelC are not found in Pel-15. One reason
why Pel-15 acts on PGA at higher pHs may be that Pel-15
utilizes the highly alkaline environment for enzymatic activity.
Generally, pectate is slowly chemically degraded at pH 12.
Therefore, pectate is likely to be degraded at pH 10.5 without
enzymes.

3.4. Absence of N- and C-terminal extensions

An interesting feature of Pel-15 is the absence of the N- and
C-terminal extensions which protrude from the B-helix. In
general, these extensions are structurally conserved among
Pels in polysaccharide lyase family 1. Furthermore, the
N-terminal extension contains detectable sequence identities,
as seen in almost all -helix proteins reported thus far (Jenkins
et al., 1998). The Pel-15 structure suggests that the lack of such
extensions does not affect the polysaccharide binding and
enzymatic activity. However, the lack of the N-terminal
extension, especially «-helix, is very rare among the L- or
V-shaped right-handed p-helix enzymes/proteins. The only
N-terminal extension-lacking enzymes/proteins reported thus
far are Pel-15 and pertactin (Emsley et al, 1996). In right-
handed B-helix enzymes/proteins with the N-terminal a-helix,
the hydrophobic side chains of the o-helix interact with the
hydrophobic core in the N-terminal part of the S-helix. The
folding of right-handed B-helix structures may be initiated
with the help of the «-helix. That is, the hydrophobic side
chains of the a-helix seem to assist in gathering hydrophobic
residues in the first turn of the B-helix. At the same time, the
unusual o -conformational S-turn may be produced on T2.
What initiates formation of the B-helix structure in the
N-terminal a-helix-lacking proteins? One suggestion is that a
part of the signal peptide region is manipulated. If this region
is folded into an «-helix-like motif before secretion, the
B-helix structure may be assisted in folding. The N-terminus of
the mature Pel-15 protein is at T2. In the other S-helix
structures, the N-terminal a-helix starts around T3 and ends
around T1. Therefore, in Pel-15 the a-helix exists at least ten
residues upstream of the N-terminal end of the mature protein
sequence. In the open reading frame —27M to —10Y in Pel-15,
there are three regions that are likely to fold into an a-helix,
found as LxxxL in other S-helix proteins. The signal peptide of
Pel-15 is rather long (27 residues). Therefore, it is possible that
a part of the signal peptide may assist in folding of the B-helix
in Pel-15.
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